Introduction {#S0001}
============

Glioblastoma multiforme (GBM) is the most common and invasive primary malignant brain tumor in adults, with a dismal 3-y survival rate of just 9.9%.^[1](#CIT0001)^ The median overall survival is shorter than 15 months in patients with newly-diagnosed GBM receiving standard of care treatments including surgery, radiotherapy, and temozolomide-based chemotherapy.^[2](#CIT0002)^ Therefore, new therapeutic modalities are urgently needed for patients with this deadly cancer. As such, we previously conducted an open-label, single-arm, phase I clinical trial to evaluate the safety and efficacy of heat shock protein peptide complex-96 (HSPPC-96) vaccination in patients with newly diagnosed GBM. This clinical trial revealed a high tolerance to treatment and promising clinical efficacy in a cohort of 20 patients.^[3](#CIT0003)^

Despite these encouraging results, clinical outcomes were highly variable, as reflected by the wide time range of patient survival from 7.5 to 51.0 months.^[3](#CIT0003)^ We also observed significantly improved outcomes in patients with a tumor-specific immune response (TSIR) post-vaccination over the median level of all included patients. These patients appeared to achieve a durable survival with an average overall survival longer than 41.5 months.^[3](#CIT0003)^ Since HSPPC-96 immunotherapy is costly and time-consuming, it is beneficial to select potential durable responders prior to vaccination. However, the presence of a TSIR before vaccination was unable to predict a survival benefit.

Since the HSPPC-96 vaccine is constituted with a protein--peptide complex consisting of heat shock protein-gp96 (glycoprotein 96) and an array of gp96-associated peptides from tumor cells, we reasoned that the clinical efficacy of HSPCC-96 vaccination partly relies on boosting a preexisting T-cell response against these antigens produced by tumor cells.^[4](#CIT0004),[5](#CIT0005)^ These tumor antigen-specific T cells are likely enriched but suppressed in untreated tumor tissue, and vaccination may stimulate the activation and tumor-infiltration of new waves of T cells for tumor cell elimination. Thus, we hypothesized that the precursor frequency of tumor antigen-specific T cells might reflect the activity of tumor-infiltrating T cells (TIL), as well as the overall capacity of patients to mount an anti-tumor response, which would ultimately correlate with the clinical outcome post HSPCC-96 vaccination. To test this, we profiled the TCR repertoire within pre-vaccine tumors using next-generation sequencing of T cell receptor β (TCR-β). This approach revealed remarkable differences in TCR diversity between HSPPC-96 vaccine long- and short-term survivors, such that these measurable characteristics of the TCR repertoire might effectively stratify patients suitable for HSPPC-96 vaccination against GBM.

Results {#S0002}
=======

Updated survival analysis of the HSPPC-96 vaccinated GBM cohort {#S0002-S2001}
---------------------------------------------------------------

We continued our follow-up with all survivors approximately 1 y after our previous study.^[3](#CIT0003)^ Of the 20 vaccinated patients (19 of which had complete follow-up), 6 patients were alive with 2 of these progression-free until the last follow-up date of 15 April 2019 ([Figure 1(a,b)](#F0001)). After a median follow-up of 58.9 months, progression-free survival (PFS) was 20% (4/20) and overall survival (OS) was 40% (8/20) at 3 y for all vaccinated patients. This 3-y OS rate was much higher than the 9.9% reported for all GBM patients^[1](#CIT0001)^ or 16.0% for patients receiving standard-of-care postoperative chemo-radiation.^[6](#CIT0006)^ While half of living patients had follow-up times shorter than 5 y, the 5-y survival rate was still 15% (3/20), exceeding the 5.4%^[1](#CIT0001)^ or 9.8%^[6](#CIT0006)^ previously cited as 5-y survival rates for GBM. These findings corroborate the clinical efficacy of HSPCC-96 vaccination for treating newly diagnosed GBM as described in our previous study.^[3](#CIT0003)^10.1080/2162402X.2020.1749476-F0001Figure 1.Updated survival analysis of patients with newly diagnosed GBM receiving HSPPC-96 vaccination. (a and b) Kaplan-Meier estimates of (a) progression-free survival and (b) overall survival in patients receiving HSPPC-96 vaccination in treating newly diagnosed GBM. (c and d) Based on the tumor-specific immune response (TSIR) after vaccination, patients were divided into a high TSIR after vaccination (post-vac) group (TSIR post-vac ≥ median) and a low TSIR after vaccination group (TSIR post-vac \<median). Kaplan-Meier estimates of (c) progression-free survival and (d) overall survival in vaccinated GBM patients, stratified as high and low TSIR post-vac groups. Log-rank test was applied to estimate the difference. Vertical lines indicate censored time points. Dotted lines denote the 95% confidence interval.

The clinical outcomes in these vaccinated patients notwithstanding were highly variable, such that OS ranged from 7.5 to 68.2 months. Thus, it remains critical to identify patients who will show a long-term survival benefit from HSPPC-96 vaccination. To explore this, we utilized an IFN-gamma release enzyme-linked immunospot (ELISPOT) assay^[7](#CIT0007)^ to measure the peripheral tumor-specific immune response (TSIR). This revealed a positive correlation between the post-vaccination TSIR with patient outcomes.^[3](#CIT0003)^ In our updated survival analysis, patients with high TSIR post-vaccination (≥median) had a 3-y OS of 60% (6/10), which is approximately threefold higher than in patients with low TSIR post-vaccination (\<median; 22.2% (2/9); [Figure 1(c,d)](#F0001)). Therefore, the post-vaccination TSIR could represent a post-treatment indicator of a successful long-term response to HSPPC-96 vaccination.

Baseline clinical characteristics of long- and short-term survivors {#S0003}
===================================================================

Because HSPPC-96 immunotherapy is costly and time-consuming, the identification of baseline biomarkers capable of predicting patient response before the initiation of treatment is of central importance to optimize therapeutic efficacy and avoid unnecessary costs and undesirable side effects. However, the TSIR state before vaccination was insufficient to predict survival benefit (Supplemental Figure 1). Therefore, we sought to identify other variables that could potentially predict clinical outcomes prior to vaccination initiation. Because 3-y survival is a very common cutoff to define LTS in GBM clinical studies,^[8](#CIT0008)--[11](#CIT0011)^ we first stratified patients into long-term survivors (LTS, \>3 y) and short-term survivors (STS, ≤3 y).

A total of 16 patients with available tumor tissues were selected for this study. The other four patients, including one lost to follow-up after vaccination (without survival data), another two LTS, and one in the STS group (without tumor tissues for TCR sequencing), were excluded from this study. Focusing on these 16 included patients, 6 patients were LTS and 10 patients were STS. Comparing these two groups, we did not observe any significant difference in epidemiological or clinical characteristics, including gender, age, and Karnofsky performance score ([Table 1](#T0001)). Isocitrate dehydrogenase (IDH) mutations and O6-methylguanine-DNA methyltransferase (MGMT) promoter methylation are the most important genetic features correlating with favorable prognosis in GBM.^[12](#CIT0012)^ Consistent with this, the LTS group included two patients with IDH mutations and two patients with MGMT promoter methylation, although the prevalence of these features did not reach statistical significance between LTS and STS. We further examined TSIR-related indicators, including pre-vaccination TSIR, post-vaccination TSIR, ratio of post- to pre-vaccination TSIR, as well as absolute TSIR increase from pre-to post-vaccination, in each of the two groups. Although there was a trend that LTS exhibited higher TSIR states as measured by ELSPOT, this difference did not reach statistical significance (Supplemental Figure 2). Based on these results, we conclude that IDH mutations, MGMT promoter methylation, and pre-vaccination TSIR are insufficient to predict clinical responsiveness to HSPPC-96 vaccination in our GBM patient cohort.10.1080/2162402X.2020.1749476-T0001Table 1.Characteristics of 16 patients with TCR-seq information. Short-term Survivor (≤3 y)Long-term Survivor (\> 3 y)**Gender**   Male72 Female34**Median age at diagnosis, years (range)**53 (40--70)52 (43--62)**Preoperative KPS, range**70--9070--80**MGMT promoter status**   Methylated02 Non-methylated104**IDH 1/2 mutations**   Mutated02 Wild-type104**Median tumor specific immune response via ELISPOT (range)**   Pre-vac22.0 (8.0--76.5)56.8 (8.5--412.5) Post-vac45.0 (20.5--134.0)96.5 (33.0--797.0) Ratio (Post-vac/Pre-vac)2.4 (0.6--14.9)2.0 (1.3--3.9) Absolute Increase (Post-vac-Pre-vac)17.3 (−27.5--125.0)42.5 (19.0--384.5)

Long-term survivors exhibit decreased TCR repertoire diversity with enhanced inter-patient similarity {#S0004}
=====================================================================================================

Since HSPCC-96 vaccination partly relies on boosting a preexisting T cell immune response,^[4](#CIT0004),[5](#CIT0005)^ we hypothesized that LTS might exhibit distinct TIL activity within pre-vaccine tumors. To unbiasedly assess the T cell clonality difference between TILs from LTS and STS, we performed a comparative analysis of the TCR-β repertoire. Notably, this TCR analysis focused on complementarity determining region 3 (CDR3), which is the main region determining the antigen specificity of a given TCR.^[13](#CIT0013),[14](#CIT0014)^

We used the Shannon entropy index^[15](#CIT0015)^ to evaluate TCR diversity, with higher index scores indicating increased repertoire diversity. We observed that TCR repertoire diversity trended to decrease with OS (*p* = .051, [Figure 2(a](#F0002))). That is, compared to STS, TCR repertoire diversity was lower in LTS ([Figure 2(b](#F0002))), such that this index score alone could be used as an indicator to distinguish between LTS and STS with relatively high accuracy ([Figure 2(c](#F0002))). Because a higher post-vaccination TSIR is associated with improved PFS and OS ([Figure 1(c,d](#F0001))), we next evaluated whether this difference in TCR diversity was mediated by TSIR bias between LTS and STS. As shown in Supplemental [Figure 3](#F0003), we did not observe any association between the post-vaccination TSIR and TCR diversity. Therefore, TCR repertoire diversity may inform extended survival from HSPCC-96 vaccination independently of post-vaccination TSIR status.10.1080/2162402X.2020.1749476-F0002Figure 2.Long-term survivors exhibit lower TCR repertoire diversity with enhanced inter-patient similarity. TCR repertoire diversity was evaluated by Shannon entropy index of CDR3 in TCR-β. (a) Pearson correlation of CDR3 diversity with overall survival in 16 vaccinated patients with available tumor tissue for TCR-β sequencing; (b) Comparison of CDR3 diversity between long-term survivors (LTS, ≥3-y overall survival) and short-term survivors (STS, \<3-y overall survival), Wilcoxon nonparametric test; (c) Receiver Operating Characteristic (ROC) curve analysis for evaluating the ability of CDR3 diversity to distinguish between LTS and STS; (d) Comparison of inter-patient similarity (evaluated by Jaccard index) in different top percent portions of TCR clonotype abundance between LTS and STS. Wilcoxon nonparametric test. \**P* \< .05; \*\**P* \< .01; \*\*\**P* \< .001, \*\*\*\**P* \< .0001.10.1080/2162402X.2020.1749476-F0003Figure 3.TCR clonotypes specific for long-term survivors. (a-d) CDR3-1 through CDR3-4 represents a higher abundance in LTS compared with STS. (e) Heat map showing the distribution of TSIR-related variables, common genetic features of gliomas, and CDR3 presence between LTS and STS. Variables with significantly higher prevalence in LTS than STS are in red. TSIR-related variables: TSIR_Abs. Increase, absolute TSIR increase from pre-to post-vaccination; TSIR_Ratio, ratio of post- to pre-vaccination TSIR; TSIR_pre-Vac, pre-vaccination TSIR; TSIR_post-Vac, post-vaccination TSIR. Red cells represent "≥ median level" and white cells indicate "\< median level." Genetic features: MGMT, O6-methylguanine-DNA methyltransferase promoter methylation; IDH, Isocitrate dehydrogenase mutations; TERT, Telomerase Reverse Transcriptase promoter mutations. Red cells represent "mutated" or "methylated" and white cells indicate "wild-type" or "un-methylated." CDR3 s: red cells represent "presence" and white cells indicate "absence." Categorical data were compared using Fisher's exact test. Continuous data were compared using Wilcoxon nonparametric test.

Low TCR diversity is indicative of a contracted TCR repertoire due to the diminishing of clonotypes or preferential expansion of certain dominant TCR clones.^[16](#CIT0016),[17](#CIT0017)^ Our data analysis showed there is no significant difference in the number of unique clonotypes (Figure S4), which suggested the generation of a prevalent clone within the TIL population. We then asked whether public clonotypes can be identified across different patients within the response group. The sharing of high-frequency clones in different patients may indicate the sharing of common antigens eliciting this preferential expansion. For this, we applied a Jaccard index^[18](#CIT0018)^ to quantify TCR repertoire inter-patient similarity within each group. Compared with the STS group, LTS exhibited significantly enhanced inter-patient similarity in all of the most abundant TCR clonotypes ([Figure 2(d](#F0002))). Moreover, inter-patient similarity reduced gradually from the top 1% to top 20% TCR clonotypes in the LTS group alone, such that the highest level of sharing was observed among the most abundant TCR clonotypes ([Figure 2(d](#F0002))). These findings indicate that certain preexisting dominant TCR clones are shared between GBM patients who will respond to immunotherapy.

TCR clonotypes enrich for long-term survivors {#S0005}
=============================================

To explore TCR clones related to GBM patient survival benefit, we extracted shared TCR clonotypes in LTS and compared their abundances with those in STS by Wilcoxon nonparametric analysis. This revealed four TCR clones with a significantly higher abundance in LTS compared with STS ([Figure 3(a-d](#F0003))). Regardless of the absolute abundance of these TCR clones, CDR3-1 and CDR3-2 had a significantly higher prevalence in LTS than in STS, further indicating the close association of these TCRs with clinical outcomes ([Figure 3(e](#F0003))). Meanwhile, the occurrence of these TCRs was not significantly associated with other possible prognosticators, including TSIR-related variables and common GBM genetic features ([Figure 3(e](#F0003))). In sum, these findings uncover a group of LTS-specific TCR clones that can independently predict clinical responsiveness to HSPCC-96 vaccination.

LTS-enriched TCR clonotypes predict prognosis {#S0006}
=============================================

Most immunotherapies are capable of inducing durable survival in only a fraction of patients, as reflected by a plateau at the end of the OS curve.^[19](#CIT0019)^ To investigate whether LTS-specific TCR clones can predict durable survival, we first applied a log-rank analysis to estimate differences in OS between groups with the presence or absence of a specific TCR. Interestingly, the four dominant TCR clones shown to be enriched in LTS were all significantly correlated with improved patient survival ([Figure 4](#F0004)). Furthermore, we observed that patients harboring CDR3-1 or CDR3-2 exhibited classic durable survival curves ([Figure 4(a,b)](#F0004)), indicating a prognostic value of these two TCR clones in recognizing durable survivors prior to vaccination. Indeed, as of the last follow-up date, 5 of 16 patients were still alive with a minimum OS of 41.8 months. If these survivors are categorized as durable survivors, 80% (4/5) of CDR3-1 carriers and 100% (4/4) of CDR3-2 carriers are durable survivors, values much higher than the corresponding percentages of non-carriers. Based on these results, we conclude that the pre-treatment presence of specific intratumoral TCR clones is capable of predicting a durable response to immunotherapy.10.1080/2162402X.2020.1749476-F0004Figure 4.LTS-specific TCR clones predict durable survival. Kaplan-Meier estimates of overall survival in HSPPC-96 vaccinated GBM patients, grouped by the presence or absence of CDR3-1 (a), CDR3-2 (b), CDR3-3 (c), and CDR3-4 (d). Log-rank tests were applied to estimate differences. Vertical lines indicate censored time points.

Discussion {#S0007}
==========

During the last 5 y, immunotherapeutics such as CAR-T cells and checkpoint inhibitors have achieved remarkable success in treating several late-stage malignancies such as leukemia,^[19](#CIT0019)^ lymphoma,^[20](#CIT0020)^ advanced melanoma,^[21](#CIT0021)^ and non-small-cell lung cancer.^[22](#CIT0022)^ The prominent feature of these immunotherapies is that they induce durable survival in a fraction of treated patients, which is usually reflected by a plateau at the end of the OS curve.^[19](#CIT0019)^ These durable survivors are the patients who benefit most from a given immunotherapeutic. Thus, the identification of biomarkers capable of predicting these durable survivors in order to select patients suitable for treatment is critical for the optimal application of anti-cancer immunotherapy. Here, we uncovered a group of TCR clones capable of identifying durable survivors in HSPCC-96 vaccine-treated GBM patients. Specifically, 4 out of 5 patients with intratumoral CDR3-1 were durable survivors with minimum survival times exceeding 58 months, while all patients with intratumoral CDR3-2 exhibited a durable survival curve. Moreover, one CDR3 sequence (CDR3-2) was recurrently identified in peripheral lymphocytes from a glioma patient treated with a personalized peptide vaccine.^[23](#CIT0023)^ Interestingly, this patient had the longest survival of all patients treated with this peptide vaccine.^[23](#CIT0023)^ Therefore, these CDR3s appear to represent valuable biomarkers to select patients for appropriate clinical treatments.

HSPCC-96 is a personalized polyvalent vaccine that can trigger a specific antitumor response^[24](#CIT0024),[25](#CIT0025)^ as well as boost innate immune response^[24](#CIT0024),[26](#CIT0026)^ after being taken up by antigen-presenting cells. Previous studies have demonstrated its safety and preliminary clinical efficacy in treating recurrent^[27](#CIT0027),[28](#CIT0028)^ and newly-diagnosed GBM.^[3](#CIT0003)^ Next-generation TCR sequencing has enabled investigators to obtain a comprehensive profile of the T cell response within the glioma microenvironment, thereby gaining deep insights into the underlying mechanisms of anti-cancer immunotherapy.^[29](#CIT0029)^ Our results show that LTS exhibit low TCR repertoire diversity, indicating some dominant TCR clones prevail in tumors from patients benefiting from this vaccine. A similar association between TCR repertoire diversity and clinical efficacy has been observed in other tumor types including bladder cancer,^[30](#CIT0030)^ pancreatic ductal adenocarcinoma,^[31](#CIT0031)^ and breast cancer.^[32](#CIT0032)^ This prevalence of dominant TCR clones likely originates from clonal expansion of T cells within the tumor.^[31](#CIT0031),[32](#CIT0032)^ This implies that a preexisting T-cell-mediated immune response, reflected by local intratumoral TCR clonal expansion, would be a pre-requisite for successful treatment outcomes to these immunotherapies. In contrast, several studies have observed an opposite direction of the association between TCR repertoire diversity and treatment outcomes in other solid tumor types,^[33](#CIT0033),[34](#CIT0034)^ underscoring the complex interactions between the immune system and advanced malignancies.^[35](#CIT0035)^ This complexity notwithstanding, these reports also suggest the direct measurement of TCR repertoire diversity within tumors may be utilized to predict clinical immunotherapeutic efficacy.

In this study, we focused on analyzing the TCR β-chain CDR3 repertoire to understand T cell immune responses within pre-vaccine GBM. Since CDR3 mainly determines the antigen specificity of a TCR clone,^[13](#CIT0013),[14](#CIT0014)^ differences in the CDR3 repertoire likely represent differential distributions of tumor antigens between LTS and STS. We identified TCR clones shared by LTS that correlate with favorable outcomes. Based on these findings, we speculated that a group of antigens present in LTS tumors might trigger an antitumor immune response before treatment, which would be intensified following HSPPC-96 vaccination and thereby mediate a survival benefit. The future identification of these antigens and their corresponding TCR clones will greatly improve our understanding of T cell immunity in GBM, and more importantly, could facilitate the development of new immunotherapeutics targeting these antigens to improve GBM patient outcomes.

However, given the limited sample size and phase one design of our study, these results were obtained in a select set of patients, specifically in postoperative patients with a Karnofsky performance status of ≥70% and a relatively young median age.^[3](#CIT0003)^ Thus, these patients likely have increased general physical activity and less immune compromise as compared with others, limiting the extension of these results to all GBM patients. As such, the predictive potential of the TCR repertoire and related biomarkers for HSPCC-96 vaccination efficacy should be validated in another larger cohort, which ideally includes more diverse GBM patients receiving the vaccination.

In conclusion, we utilized TCR sequencing to reveal remarkable differences in the intratumoral TCR repertoire between LTS and STS. This approach uncovered a group of expanded T cell clones shared in GBM patients responding to immunotherapy. Therefore, we propose that these TCR sequences could be utilized as candidate biomarkers to predict a durable response to HSPPC-96 vaccination.

Materials and methods {#S0008}
=====================

Patients enrolled for TCR sequencing {#S0008-S2001}
------------------------------------

We previously conducted an open-label, single-arm, phase I clinical trial to determine the safety and efficacy of treating newly-diagnosed GBM with HSPCC-96 vaccination combined with standard-of-care therapy.^[3](#CIT0003)^ The included patients received a total of six doses of the vaccine, which was derived from each patient's own tumor tissue. The start of vaccination was concurrent with the beginning of adjunctive temozolomide chemotherapy. Vaccines were administered via subcutaneous injection in 25-μg doses every week for 6 weeks. Cyclophosphamide (400 mg) was given through intravenous injection before each injection.^[3](#CIT0003)^ The primary endpoint of this study was progression-free survival at 6 months and the frequency of adverse events. Secondary endpoints included overall survival and progression-free survival at the end of the study and tumor-specific immune response (TSIR) during the vaccinations.

This trial demonstrated a promising efficacy of HSPCC-96 vaccine in treating GBM.^[3](#CIT0003)^ A total of 20 patients with histologically confirmed GBM, who aged from 18 to 75 y, received a ≥80% microsurgical resection of a contrast-enhancing tumor and had a Karnofsky performance status of ≥70% before vaccination, were enrolled in the trial, whereas 19 patients with complete follow-up were available for clinical efficacy analysis. We initiated the present study to identify biomarkers capable of predicting durable survivors among these 19 patients; among those, 16 with available tumor tissues were finally included for TCR sequencing and analysis. Differences in clinical characteristics between the included 16 and excluded 3 patients were also analyzed. No statistical significance was observed between them. The clinical trial was approved by the ethics committee at Beijing Tiantan Hospital (JS2012-001-03) and was registered at ClinicalTrials.gov (NCT02122822) and <http://www.chictr.org.cn/enindex.aspx> (ChiCTR-ONC-13003309). Written informed consent was obtained from all participants.

Enzyme-linked immunospot (ELISPOT) assay {#S0009}
========================================

TSIR was evaluated by the number of stimulated peripheral blood mononuclear cells (PBMCs) in response to autologous tumor lysate in an IFN-γ release enzyme-linked immunospot (ELISPOT) assay, as previously reported.^[3](#CIT0003)^ Briefly, sterile 96-well polyvinylidene fluoride plates (Millipore Sigma) were coated with IFN-γ monoclonal antibody at 15 μg/ml (100 μl/well, clone 1-D1 K, Mabtech) for 2 h at 37°C and then blocked with complete media (200 μl/well, 10% fetal calf serum) for 1 h at 37°C. After removal of the complete media, autologous tumor lysate was added to each well at a concentration of 20 μg/ml. PMA (Millipore Sigma) was included as a positive control and wells without added tumor lysates or PMA was used as negative controls. IL-2 (Millipore Sigma) was also added to each well (50 IU/ml). A total of 3 × 10^5^ PBMCs were added to each well and incubated for 16--24 h at 37°C. After washing, wells were incubated with 1 μg/ml biotinylated IFN-γ monoclonal antibody (100 μl/well, clone 7-B6-1-Biotin, Mabtech) for 2 h at room temperature. After washing, streptavidin alkaline phosphatase (1:1000 in PBS/0.5% FCS, Streptavidin-ALP, Mabtech) was added at 100 μl/well. Following a 1-h incubation at room temperature, the plates were washed and developed with 100 μl/well substrate (BCIP-NBT, Bio-Rad). Spots were counted using an ELISPOT reader (Cellular Technology Ltd.). Numbers of PBMCs responding to tumor lysate, as measured by IFN-γ release, were calculated by subtracting the background number of IFN-γ spots in the negative control well.

TCR library construction and TCR-β deep-sequencing {#S0010}
==================================================

TCR library construction and repertoire sequencing were completed by Beijing TCRCure Co. Ltd. Briefly, RNA was extracted from frozen GBM tissues by Trizol Reagent RNeasy Kit (Thermo Fisher, USA). After determining RNA concentration and quality, extracted RNA (0.1--5 µg of total RNA) was subjected to reverse transcription by RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher, USA). The TCR library was constructed by Multiplex PCR (Takara, Japan) to amplify the entire CDR3 region, in the presence of forward primers targeting V segments and reverse primers targeting the C region of the TCR-β locus. After purification and quality control using gel electrophoresis and a QIAGEN gel extraction kit (Germany), as well as concentration measurement with Qubit 2.0 (Thermo Fisher, USA), the same amount of each constructed library was mixed then subjected to emulsion PCR and deep-sequencing on the Ion Torrent PGM platform (Thermo Fisher, USA).

Raw data analysis {#S0011}
=================

Raw data processing was performed by Beijing TCRCure according to standardized procedures, including data preprocessing, quality control, cleaning, and alignment to CDR3 regions (Torrent Suite software, Life Technologies). Numbers of CDR3 types and their frequencies were calculated using MiTCR.^[36](#CIT0036)^ CDR3 is a direct binding site within the TCR that recognizes a presented peptide, thereby determining antigen specificity for a given TCR clonotype.^[13](#CIT0013),[14](#CIT0014)^ For simplicity, we equated a CDR3 sequence with an antigen-specific TCR clonotype in this study.

Diversity analysis {#S0012}
==================

The Shannon entropy index^[15](#CIT0015)^ was used to measure TCR repertoire diversity in the CDR3 region. This index (H) was calculated using the following equation: $$H\left( X \right) = - \sum\limits_{i = 0}^{N - 1}pi \ast {log}_{2}p_{i}$$

where pi is the frequency of CDR3 clonotype i and N represents the total number of CDR3 clonotype for sample x.

Similarity analysis {#S0013}
===================

Jaccard index^[18](#CIT0018)^ was utilized to quantify TCR repertoire similarity between each pair of patients. This index value ranges from 0 to 1, representing being completely different to fully identical. The analysis was based on amino acid sequences within the CDR3 region.

Statistical analysis {#S0014}
====================

Categorical data were compared utilizing Fisher's exact test. Continuous data were compared using the 2-tailed Student's t-test and Wilcoxon nonparametric test. Pearson correlation was applied to determine the association between CDR3 diversity and clinical survival. PFS and OS were estimated by the Kaplan--Meier method, and the difference between groups was assessed by the log-rank test. Statistical significance was set as a 2-tailed *p* value of less than 0.05. Statistical analysis of TCR diversity and similarity was calculated under the R statistic environment and relevant figures were generated using R "ggplot2" and "ggpubr" packages. All other statistics were analyzed using SPSS version 20 (IBM, USA) and figures were generated using GraphPad Prism 5 software (USA).

KPS: Karnofsky Performance Score; MGMT: O6-methylguanine-DNA methyltransferase; IDH: Isocitrate dehydrogenase
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